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Abstract 

We fabricated and characterized a meta-pixel – metamaterial-based active optical device 

incorporating a twisted nematic liquid crystal cell. The meta-pixel exhibits directionally 

asymmetric transmittance and reflectance, which can be controlled electrically by realigning 

the liquid crystal. Apart from defining the optical response of the meta-pixel, the 

metamaterial also plays a vital role in implementing electrical control and alignment of the 

liquid crystal. Such a meta-pixel can find applications in a new generation of miniature 

displays, compact tunable optical filters and modulators. 

 

1. Introduction 

Metamaterials have attracted significant interest in photonics as a large class of manmade 

media with optical characteristics unavailable in nature [1,2]. They made possible such 

unique and exotic optical phenomena as negative refraction [3], asymmetric transmission [4–

6], optical cloaking [7–9], slow light [10, 11], novel sources of coherent radiation [12, 13]; 

metamaterials enhanced polarization control [14–17] and absorption [18–20]. Systematic 

investigations of these fundamental phenomena have led to significant improvement of 

existing photonic devices and applications, in particular the broadband circular polarizer [21, 

22], polarization spectral filter [23], and refractive-index sensor [24]. Integration of active 

metamaterials or parts of their structures into working optical components has led to a new 

concept of metadevices [25–28]. 

In this paper we demonstrate that a standard twisted nematic cell, when combined with a 

planar metamaterial, can be transformed into an optical metadevice. In this metadevice, 
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which we named meta-pixel, the metamaterial structure replaces the liquid crystal alignment 

layer and one of the electrodes, while the twisted liquid crystal layer introduces electrically-

controlled asymmetry in the optical transmittance and reflectance of the metamaterial. 

 

2. Fabrication and Characterization 

The planar metamaterial was designed as a square array of V-shaped plasmonic 

resonators connected along the rows of the array (see Fig. 1a). The resonators were formed 

by 80 nm wide gold nano-wires and placed with the period of 490 nm, which rendered the 

resulting metamaterial nanograting as non-diffracting in the near infrared (and most of the 

visible) spectral range. The metamaterial covered the area of 25.6 μm × 24.2 μm and was 

fabricated by focused ion beam milling (Helios Nanolab 600) in an 80 nm thick gold film 

deposited on a glass substrate. Each row of V-resonators was left electrically connected to the 

gold film on either end, as shown in Fig. 1a, enabling the application of an electrical potential 

to the entire metamaterial nanograting. 

Metamaterial-based liquid crystal (MM-LC) meta-pixel was put together by combining 

the fabricated metamaterial nanograting with a top glass slide covered with a transparent ITO 

electrode and planar LC alignment layer (see Fig. 1b). The gap between the metamaterial and 

top glass slide was set to 12 μm by silica bid spacers. The cell was filled with a highly 

birefringent nematic LC mixture 1825A with refractive indices of ne = 1.90 and no = 1.53 

[29]. As it was shown in the previous study [30], a gold zig-zag nano-grating aligns LC in the 

direction of the nano-wires stretch, i.e. along the rows of the nano-grating, with the strength 

of the alignment sufficient to even counteract stiction in nano-electro-mechanical systems 

[31]. The LC alignment at the top glass slide was therefore set in the direction perpendicular 

to the rows of the metamaterial nanograting. Such assembly created a π/2 - twisted LC 

structure in the cell. 

The transmittance and reflectance spectra of the MM-LC meta-pixel were measured in the 

near infrared spectral range (1.0 - 1.9 μm wavelength) using a microspectrophotometer QDI-

2010 (CRAIC Technologies) with a sampling area of 10 μm × 10 μm. The polarization of 

light was switched between two orthogonal linear states, parallel and perpendicular to the 

rows of the metamaterial nanograting. The light was incident on the meta-pixel either from 

the metamaterial side or from the top glass side. 
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Fig. 1  (a) SEM image of fabricated V-shaped gold metamaterial array. The image 

shows an edge of the sample where the gold nano-wires are connected to the gold 

film. (b) Schematic of a MM-LC meta-pixel structure. 

 

 

3. Results and Discussion 

A planar metamaterial comprising V-shaped plasmonic resonators demonstrates resonant, 

polarization-sensitive transmittance and reflectance in the near infrared part of the spectrum 

[30]. Incident light polarized perpendicular to the rows of the metamaterial nanograting 

(resonant polarization) can excite an electric dipole resonance, resulting from the λ/2-mode of 

standing-wave plasma oscillations induced in the straight sections of V-resonators. The 

corresponding transmittance spectrum then demonstrates a clear stop-band centred at the 

resonance frequency, where incident light is reflected (as well as partly absorbed) by the 

metamaterial. Correspondingly, the reflection spectrum for the resonant polarization exhibits 

a peak at the resonance frequency. For the non-resonant polarization, the metamaterial is 

almost transparent within the near-infrared range of wavelengths with a nearly flat 

transmittance spectrum. No asymmetry in transmittance or reflectance depending on the 

direction of light propagation was observed in the metamaterial. The asymmetry in 

transmittance and reflectance is engineered by adding a twisted LC layer, which is able to 

rotate the polarization direction of ordinary and extraordinary waves by π/2 if it is thick 

enough (i.e. satisfying the so-called Mauguin condition, , where λ is the wavelength 

and Δn is the LC birefringence).  
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The principle of asymmetric response in the MM-LC meta-pixel is schematically 

demonstrated in Fig 2. If a linearly polarized wave with resonant polarization and wavelength 

is incident on the meta-pixel from the metamaterial side (forward direction), it is reflected 

(and partly absorbed) by the metamaterial due to the excited resonance, exhibiting little 

transmission though the device (Fig. 2a). If, however, the same wave is incident from the 

other side of the meta-pixel (backward direction), the twisted liquid crystal layer rotates the 

polarization state of the wave by π/2 before it reaches the metamaterial surface. The wave 

becomes non-resonantly polarized with respect to the metamaterial grating and, therefore, 

propagates through the device with little loss (Fig. 2a). The same asymmetric behaviour is 

observed for non-resonant polarization. In this case, the wave passes the meta-pixel if it 

propagates in the forward direction and is reflected (and partially absorbed) if it propagates in 

the backward direction (Fig. 2b). 

 

 

Fig. 2 Schematic of a MM-LC meta-pixel, demonstrating the principle of 

asymmetric transmittance and reflectance. The zig-zag orange line represents the 

metamaterial surface, the blue ellipses show the LC alignment direction, the red 

arrows depict the propagation direction of a wave at the resonant frequency.   
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As the asymmetric transmittance/reflectance in the MM-LC meta-pixel connected with 

the twisted LC structure, this effect can be suppressed by realigning the LC with an electric 

field applied across the LC layer. For an applied voltage above the re-orientational threshold, 

the LC molecules align along the electric field forming a uniform homeotropic LC structure 

in the volume of the cell. This LC structure does not change the polarization state of a 

normally incident wave. In this case, the wave with the resonant polarization will not be 

transmitted by the meta-pixel regardless of the direction of propagation (Fig. 2c). Likewise, a 

wave with non-resonant polarization will be transmitted by the meta-pixel in both the forward 

and backward directions (Fig. 2d). 

 

 

Fig. 3  (a)(c) Transmittance and (b)(d) reflectance spectra of the MM-LC cell for 

the forward and backward direction of propagation of a wave with resonant 

polarization at different voltages applied to the LC layer.   
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Figure 3 shows asymmetric transmittance and reflectance, as well as switching between 

the asymmetric and symmetric regimes achieved in the MM-LC meta-pixel. The fabricated 

metamaterial array when combined with the LC layer exhibited a resonance around 1.5 μm, 

which can be seen as a minimum in the transmittance and a peak in the reflectance spectra 

measured for the forward propagation direction at zero voltage (Figs. 3 (a) and (b)). For the 

backward propagation direction at zero voltage, the transmittance and reflectance spectra are 

almost flat (Figs. 3 (c) and (d)), showing clearly the expected asymmetric behaviour. Some 

parasitic reflectance here (at the level of 10-15%) is produced by the glass-air interface while 

the drop in overall transmittance below 85% is attributed to the material loss.   

By applying a voltage across the LC layer, the switching from asymmetric to symmetric 

regime was observed. In the backward direction the transmittance/reflectance spectra were 

seen to change with increasing voltage. In particular, a stop-band in the transmittance spectra 

developed as the LC re-orientation switched from twisted to the homeotropic state. At the 

same time a peak in the reflectance spectra was observed (Figs. 3 (c) and (d)). In the forward 

direction the transmittance/reflectance changed very little upon applying a voltage, as evident 

from Figs. 3 (a) and (b). At the driving voltage exceeding 2V the transmittance/reflectance 

spectra for the backward propagation direction almost matched the spectra for the forward 

direction, which signified the absence of the asymmetry. Lower reflectance peak value is 

related to propagation losses in the LC layer and double reflectance at the LC-glass interface. 

When the applied voltage was removed the LC layer relaxed back to the initial twisted state, 

and the asymmetric behaviour of the meta-pixel was restored. 

 

4. Conclusions 

We have demonstrated a meta-pixel – a photonic device consisting of a planar 

metamaterial and a twisted LC layer. The metamaterial defines the optical response of the 

meta-pixel, as well as serving as an LC alignment layer and an electrode. Combining the 

metamaterial with the twisted LC layer enables directional asymmetry in transmittance and 

reflectance of the device. The asymmetric behaviour can be suppressed (switched off) by 

reorienting the LCs from a twisted to a homeotropic structure with an externally applied 

electric field. The concept of the meta-pixel paves a way towards a new generation of 

compact switchers, modulators and miniature displays such as near-to-eye and virtual retina 

displays. 
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